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THLE LOS ALAMOS 600 MJ, 1500 MW INERTIAL ENERGY STORAGE AND PULSED POWER UNIT* .

H. J. Boenig
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

A 1430 MVA synchronous generator from a cancelled nu-
clear power plant has been installed and commissioned at Los
Alamos Nationai Laboratory (LANL) to be used as the pulsed
power generator for physics experiments. The generator is
mounted on a spring foundation to prevent dynamic forces {rom
being transmitted to the substructure and into the ground. A
6 MW load-commutated inverter drive accelerates the machine
from standstill to the maximum operaiing speed of 1800 rpm
and from 1260 rpm to 1800 rpm between load pulses. The gen-
erator cooling method has been changed from hydrogen to air
cooling to facilitate operation. A current limiting fuse, with a
fuse clearing current of 90 kA, will protect the generator output
against short circuit currents. An overview of the installation
is presentea. The paper also addresses the overload capability
of the generator for pulsed loads.

1. _Introdyction

In the summer of 1987 LANL acquired all components of
a 1430 MVA steam turbine generator from the Tennessee Val-
ley Authority (TVA). The components had been shipped in
1981 and 1982 to the Hartsville, near Nashville, TN, plant site.
The components were then stored in temporary buildings. The
generator was designed to operate in a nuclear power plant as
a steady state machine with 1430 MVA output power at 0.9
power factor. LANL intends to use the machine as a pulsed
power source for physics experiments. Initially the generator
will provide power and energy to & 60 T magnet, being de-
siy | at Los Alamos as part of the National High Magnetic
Field Laboratory effort. The flat-top time of the magnet will
be 100 ms. The magnet requires a power of 120 to 150 MW
and an energy of nearly 300 MJ.

2. G Descripti

The total generator shaft train consists of a permanent
magnet generator, a 315 mm slip ring bearing, the slip ring
housing, the 630 mm non-drive end bearing, the generator, the
900 min drive end bearing, the Intermediate shaft, the 800 mm
bearing, the thrust bearing, the turning gear with 400 mm
bearing and the lube oil pump (Fig. 1). The Installation ls de-
signed to cxtract the inertial energy of the rotor during a speed
variation from rated speed to 0.7 rated speed. During such a
speed change half of the energy at rated speed is extracted.
The machine is aceelerated in the morning from turning gear
speed to 1800 rpm using the solid-state drive system, Before
the load pulse occurs, the drive system is disconnected and the
spinning machine is energized to its desired voltage, not to ex-
coed 24 kV. During a maximum load pulse, the machine slows
down to 1260 rpm in a few seconds, In the next ten mlnutes,
the drive systemn again accelerates the rotor to 1800 rpm for
the next lond pulse, The reduction i speed from 1800 rpm
to 1260 rpm releases 600 MJ of inertial energy. This energy In
converted through power supplics and deposited In coils o? the
experithient. 1l a lesser amount of energy s required in an exper-
itnent, the rotor iy accelerated Lo a speed lesa than 1800 rpmn,
to decrease the power costs. A amall {orbidden speed range
aroutid 1500 rpm ix excluded as a speed for starting a pulse,
because ol the second critical at 1500 rpm. The total shalt
traitcis 109 U long and iv mounted on a 112 [t x 40 ft Inertia
block. The min generator paraimeters are glven In ‘Table 1.

The triction losses, consisting of bearing and windage
losses, arte 4.2 MW at 1800 rpm. The total lube oll inven-
tory ix 26,000 gallons, Figure 2 shows a view of the generator
instadlation from the d. vo-end slde, The shaft driven lube il
putp, the turning gear box and the intermediate shalt can be

*'I'his work wis supported by the US Deparment of Energy.

seen in the lower half of the picture with the generator in the
upper half. The shaft train and the foundation are already
designed to accommodate a flywheel, when energy needs are
increased in the future. A flywheel with an energy of 2800 MJ
can be installed in the given space. The space for the flywheel
is currently bridged by the intermediate shaft.

The generator building is 200 ft long and 60 {t wide and has
two floors, the operating floor and the basement floor. Except
for the generator shaft train, all other components, including
the lube oil tanks, batteries, drive and excitation syastem con-
verters, are in the basement. Electrical equipment is located
near the generator terminals., Personnel safety and ease of ma-
chine maintenance were the primary considerations in deter-
mining the equipment layout. A 32 ft x 12 ft control room is
installed in the northeast corner on the operating floor. Fig-
ure 3 shows & cross section of the building. A 25 t overhead
crane has been installed In the building. The crane capacity was
chosen 30 that a routine maintenance of the generator could be
performed. The heaviest piece to be !ifted by the crane for re-
moving the rotor is the 23 t bottom half of the 630 mm bearing
pedestal. The building is long enough to house the rotor when
it is removed from the stator.

A small switchyard is located on the east side of the gen-
erator building. It includes the station service, the drive and
excitation tranaformers and 13.4 kV awitchgnar, The incom-
ing power to the switchyard Is provided by three 1000 mcm,
13.4 kV cables.

The generator has been Installed at L.os Alamos on a mesa,
which also houses several nearby laser experiments. A coucern
that the pulsed generator load would result in soll vibrations
and ultimately would have a negative effect on laser alignment
was expressed. To minimize the problem, the generator uses
a spring mounted foundation. Sixty springs, thirty on each
side, resting on the 4 ft thick base concrete block, are installed
under the Inertia block. Four Belleville-type spring washers in a
lprln¥I box provide the spring action. The inertia block (4800 t)
and the generator (1200 t) have been raised 1.8 in. by hydraulic
jacks in combination with the spring support adjustments and
:.)hc springs have been adjusted to aasure leveling of the inertia

lock.

4..Feanibilisy Study and Pre-Qperational Testing

Before a contract was signed with TVA, LANL commis-
sioned the generator manufacturer to evaluate whether the
machine, with the glven excltation system, could electrically
and mechanically operate reliably under repetitive pulsed load-
ing conditions. A load pulse with a peak power of 1400 MW
was assurned. Several areas of concern wete Identified and in-
vestigated in considerable detail. These arcas are mechanical
stresses in the rotor shaft causud by fast torque changes, when
the generator is connected to a large flywheel, and mechani-
cul cyclic stresses In rotor compoaents, such as the retainin
rings, caused by a large number of starts from zero to rntcﬂ
speed. Without a flywheel, the generator will be stressed elec-
trically and mechanically within operating limits by the eyclic
pulsed loading. However, when the generator Is connected to
a 2800 MJ flywheel, a sudden change In electrical torgue ox-
cite- torslonal osclilations in the shaft. The oscillations are
hardly damiped and the mechanleal torque In the shaft between
the generator and the ywheel can assurie conslderably higher
than rated values, Ultiimately the generator shaft will fall due
to cyclic strens from these terque oselllations by mechanieal fa-
tigue. To avold the excitation of the torque onc{llntk)n, the rate
of chunge In real power mmust be llmited to values in the order
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Fig. 1. Generator shaft train.

of 1to 2 MW/ms. Cyclic stresses in critical components of the
rotor, such as the retaining rings, the end windings, che main
and slipring fans and the composited body, caused by a large
number of run ups from zero to rated speed and load cycles
between 1260 rpm and rated speed were also Investigated. It
was found that no excessive cyclic stresses for up to 1700 run
ups from zero speed to rated speed and for 100,000 load eycles
would occur. The manufacturer also recommended an inspec-
liondachedule, with the first inspection after 500 starts from
standstill.

Table I. Generator Parameters.

Power rating 1430 MVA
Number of phascs 3

Frequency 60 Hz
Number of poles 4

Voltage 24 kV + 5%
Current 34.4 kA
Synchronous speed 1800 rpm
Lower speed limit 1280 rpm
Linergy »f generator at 1800 rpin 1210 MJ
Extractable cnergy 600 MJ
Pulse repetition rate 10 min
Drive system rating B0OQO hp
Stator welght 481t
Rotor weight 234 ¢

Before shipmen', of the components to Los Alamos, the
genierntor wis tested clectrically at Hartsville. The tests were
similar to the elecirical acceptance teats. These tests were re-
peated at Los Alsimos after cotuplete installation of the ma.
chie: The oty showed the stator and rotor in good electrical
comlition,

Besidew the olectrical tests, mechanleal tests were poet.
fotied on the retaming rings.  Vhe high-strength, non-
thaghetic retaining rings were removed from the rotor in August
19%0, before the rotor way installed nto the stator, and sub-
sequently inspected. The Inspeetion consisted of a visual and
fluorescont dye penetrant examination of all surfaces, oth
tings tested well and showed very little corroaion pltting. If the
rings had failed the test, purchase of new rings made of non-
stress corroslon nnncepll‘:lc- 18Mn18Cr steel would have been
HUCORNATY.

Fig. 2. View of the Los Alamos generator installation.

&, 1lvdrogen to Alr Medlfication

The machine was originally designed to operate under
78 ps!l hydrogen pressure. Because of the low the:mal loading of
the machine during pulesed loads, simplicity in operation with
air cooling and avolding a tedious licensing procedure, LANL
asked the generator manufacturer to Investigate the ?oulbillty
of running the machine in alr. The manufacturer’s investi-
gatlon into this question revealed that the machine could be
operated with air cooling, provided the machine was energiced
to 24 kV only during the pulse and cortain modifications were
tmade.  leaters and an alr dryer have been [nstalled in the
machine, which heat and dry the alr when the temperature Is
below 777 19, und e machine runs below 50 rpin. Shalt seals,
using pressurieed air out of the diffusers of the main fany, have
been natalled on both sides of the ntator casing in ooder to
provide controlled air llow through the specialdly installed alr
fiiters, The alr modification has incromsed the windage losaes
by 200 kW at 1800 rpm compared to the 78 pai hydrogen opera.
tlon, Uning more optimised fans with a nnm‘lcr trllnu!tvr for alr
covling, the friction losses could be reduced by 700 kW, At thix
thine LANL s not consldering replacing the fans because the
intermittent mode of operation does not justily the additional
expuline,
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Fig. 3. Cross section of the generator building.

From a thermal standpoint, the «onversion to air cooling
s been successful. After a day of running, including four
wrs of operation al 1800 rpm, the generator air temperatures
fore the coolers were 139° C and the hithest stator slot tem-
‘rature was 150° C.

The static excitation system consists of t, e original three-
iase, 10 MVA, 24 kV/0,792 kV, wye-delta, oil lglled trans-
rmer, feeding four parallel connected six-} ulse thyristor
idges. Each bridge ﬁu a no load voltage o 1050 V and
rated current of 3800 A. The thyristors are water cooled.
riginally, the excitation transformer was designel to be con-
'cted to the 24 kV generator terminals. For pulsed operation
is desirable to take the excitation power from the atility sys-
i and, therefore, the excitation transformer was :onnected
the 134 kV utility system. The circuit of the transformer
condary winding was changed to a wye connectlon, i =sulting
approximately the same exciter no load voltage as d~signed
iginally. The exciter provides a field current of about 430 A
iring the drive mode operation of the machine and 2300 A
t 24 kV no load voltage. During the pulse the field current
M be raised up to 5100 A by the voltage regulator witiout
weeding the transformer rating. Because of the low exciter
sses during pulsed mode operation compared to the 8600 A
r steady state operation, the cooling water Is being circulatod
ily through the rectifiers without the use of the external heut
ichanger,

The generator has been operated in the generator mode
iring cothmissioning to voltages up to 20k V. Figure 4 shows a
‘pical 20 kV voltage pulse, lasting approximately ten seconds,
he field voltage, the fleld current and the generator voltage are
iwvn. The voltage shows an overshoot Lo 21.88 kV, settling
it steadyastate value of 20,38 kV. The fleld voltage rises to
peak of 900V oand the field current to 4480 A,

7. Drive System

Au k000 hp, solid-state, load-commutated inverver (LC1)
tive aceeleraten the machine as a motor, The drive system con-
staof a 7.1 MVA, oll filled, six-phase converter transformer,
twelve-pilse rectifier, a4 mill de link reactor and a six-pulse
werter, The rectifier and inverter are water cooled, The max.
put ontpat voltage of the inverter is 4 kY, Bocause the low
metator impedance could cause oxcenslve fault currents in the
werter, n three phase 0.4 mi current limiting reaetor has been
talled between the generator terminals and the fnverter. The
Cl drive wan slzed to accel irate the rotor from 1200 rpm to
RO i in Y minutes, To aceelerate the machine from 9 rpm

turning gear speed to 1800 rpm will take about 25 minutes.
The drive can be operateu down to speeds of 30 rpm in the
regenerative breaking mode.

i feld voluge (ITV V) -

gencruior voluge (2038 kV)

fleld current (2333A) . ... )

Fig. 4. Generator voltage for a 20 kV pulse,

In tests the generator was accelerated in 15 minutes from
turning gear speed to rated speed. Figure 5 shows the gener-
ator stator phase voltage, current and speed as a function of
time during & run-up from turning gear speed. The time to
accelerate the rotor from 1260 rpm to 1800 rpm between load
pulses is five minutes. The drive system can be used as a regen-
erative bieak. It takes the machine 40 minutes to cotst down
from 1800 rpm to standstill, while with regenerative breaking,
the time is reduced to 7 minutes, as shown in Fig. 6. During
the regenerative breaking the drive system returns to the util-
ity system 871 MJ of energy of the 1260 MJ of energy stored
in the rotor and intermediate shaft. The overload capability
of the drive system was tested by runnin* the generator for a
short time at 1900 rpm. A prelimina'y Rywheel design calls
for a flywheel running In a vacuum. The friction losses from
the flywheel are estimated to be 50 kW, however, the bear-
ing losses will hardly change. The existing drive system wili
be adequate to accelerate generator rotor and fiywheel with
an extended run-up time, F*lgure 7 shows different parameters
during a heat run test at 1800 rpm, which lasted frr four hours
and included an overspeed test to 1900 rpm Lo test the drive
systein capability. The heat run test was followed by five ac-
celeration/deceleration cyclea between 1200 and 1800 rpm to
simulate load pulses. This load test was thermally more de-
manding than the expectod loading during cyclic operation.
The figure shows the speed, the metal temperature of the most
heavily loaded bearing (630 mm bearing) and the cooling alr
temperature before the coolers. No alarm levels were reached.

8, Generator Performance Limite

Bocause of the luwer dlolectric strength of alr cotnpared
to 75 psl hydrogen and the reduced air density at Los Alamos,
located at 7300 ft elevation, It canrot be expected to run the
tnachine ut a voitage higher than 24 kV. With respect to the
current, the thermal limlt of thn machine Is not being reached
during pulsed operation. A machine similar to the Los Alamosa
tnachine has been nuccessfully short clrcult tested at 60% of
rated voltage. Peak currents up to 200 kA were measured,
Using the current overload capability the Los Alamos machine
eight provide 20 to 50% overload for a limlted amount of repet-
iLive pulses, resulting In a pulsed power rating In the order of
2000 MW, 1t is understood that during overload tests critical
coniponents, such as rotor retalning rings and svator end wind-
ingn, must be carefullv instrumented and observed on a shot by
shot basls to avold Jamage, A flve percent overspoed will ralse
th= extractable energy to 720 MJ, The addition of & llywheol
wiil talse the energy Lo 2000 MJ extractable, 1ly overspeeding
the machine additlonal 400 MJ could be extracted. The Induc-
tances of the gonerator and the excltation system lhinit the rate
of enerpy extraction. A reasonable enery' extraction rate Is in
the order of 1w 2 Ml /s,
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9. Summary

A 1430 MVA generator from a cancelled nuclear power
plant has been installed at Los Alamos to provide power and
energy to experiments, which require hundreds of megawatts
repetitively for several seconds per load pulse. The necessary
design modifications of the machine have been made, in par-
ticular, the hydrogen-to-air cooling change. The generator has
been tasted both in the drive mode and in the generator mode
under no load condition. The drive system has accelerated the
rotor to 1900 rpm, a 5% overspeed and has simulated the ten
minute load cycle between 1260 and 1800 rpm by accelerating
and regeneratively breaking the machine. No exceaslve temper-
atures have been measured in the machine,
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